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ABSTRACT
The recent dramatic increase in seismic anisotropy and surface 

global positioning system (GPS) data for central Asia permits a com-
prehensive examination of the mantle’s role in mountain building. A 
joint analysis of 178 shear-wave-splitting and ~2000 GPS observations 
using a new technique reveals that the crust and lithospheric mantle 
deform coherently, arguing for crust-mantle mechanical coupling 
during deformation. The observed spatial variations in anisotropy 
refl ect the large-scale pattern of lithospheric deformation, as well 
as a change in deformational style from simple shear on the Tibetan 
 Plateau transitioning to pure shear in surrounding regions.

Keywords: anisotropy, lithospheric deformation, global positioning 
 system, central Asia.

INTRODUCTION
How mountains form is one of Earth science’s basic questions. Prog-

ress has been made in understanding crustal properties of continental 
lithosphere in the mountain-building process, i.e., the anomalous thick-
ness and high topography created by the process of continent-continent  
collision. The role of the lithospheric mantle in orogeny, however, is 
less clear, as refl ected in the range of mantle properties found in current 
models for orogenic deformation (England and Houseman, 1986, 1989; 
Royden et al., 1997; Tapponnier et al., 1982; Thatcher, 2006; Meade, 
2007). If the lithospheric mantle deformation could be measured directly 
and compared to the surface, it would constitute an important means 
of assessing the mantle’s role in orogens. Such a means is now avail-
able through the joint analysis of surface deformation data and mantle 
seismic anisotropy (Flesch et al., 2005). A recent increase in the number 
of both types of data in central Asia and conceptual advances in their 
joint analysis provide strong support for mechanically coupled orogenic 
lithosphere throughout this region.

GEOPHYSICAL DATA
Mantle anisotropy is constrained with 178 SKS shear-wave split-

ting observations, 73 from previously published studies (McNamara 
et al., 1994; Huang et al., 2000; Flesch et al., 2005; Lev et al., 2006; 
Sol et al., 2007) and 105 new ones analyzed in this study obtained from 
portable deployments in Yunnan (2002) (Chang et al., 2006), eastern Tibet 
and Sichuan (2004–2006, Chinese Earthquake Administration, Carnegie 
Institution of Washington, Saint Louis University, Multimax Corpora-
tion), and permanent stations from Chinese regional and national networks 
(Zhao et al., 1997) (Fig. 1; GSA Data Repository Table DR11). We have 
used standard methods (Silver and Chan, 1991; Wolfe and Silver, 1998) to 
calculate individual splitting observations of the fast polarization direction, 

φ, and delay time, δt, as well as station stacks. For our own obser vations, 
only those stations where splitting could unambiguously be detected were 
used. We proceed assuming that the seismic anisotropy arises from a single 
homogenous mantle layer because: (1) we checked our data for evidence 
of two anisotropic layers by the analysis of back-azimuthal variations in 
both φ and δt (Silver and Savage, 1994), but found none (Figs. DR1–DR3; 
see footnote 1), and (2) several studies have concluded that the crust 
cannot account for SKS splitting observations in central Asia based on 
studies of crustal splitting (McNamara et al., 1994; Herquel et al., 1995; 
Sherrington et al., 2004; Frederiksen et al., 2003; Ozacar and Zandt, 2004; 
Karalliyadda et al., 2007).

For the surface deformation fi eld, we have used ~2000 global posi-
tioning system (GPS) observations (Abdrakhmatov et al., 1996; Bendick 
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Figure 1. Shear wave splitting data set used in this study. See also 
Table DR1 (see footnote 1). Orientation of lines gives fast polariza-
tion direction, φ, and delay time, δt, given by length of bar, according 
to legend. These represent several previous portable deployments, 
one recent deployment, as well as the analysis of permanent sta-
tions from a variety of networks. Black lines represent large left-
lateral faults, and green lines represent right-lateral faults. Plot is 
shown in degrees east and north. (X-X—Xianshuihe-Xiaojiang fault, 
R-R—Red River fault, T—Tibet, S—Szechwan, Y—Yunnan, BNS—
Bangong-Nujiang suture).
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et al., 2000; Calais et al., 1998; Chen et al., 2000; Heki et al., 1999; 
Michel et al., 2001; Shen et al., 2000, 2001; Simons et al., 1999; Wang 
et al., 2001; Yu et al., 1999; Zhang et al., 2004; Zhu et al., 2000; http://
sideshow.jpl.nasa.gov/mbh/series.html) and Quaternary fault slip rates 
(England and Molnar, 1997) to quantify the velocity, Vc, velocity gradient 
tensor, Lc, and strain-rate tensor, ε̇c, following the method of Haines and 
Holt (1993) and Haines et al. (1998) (Fig. DR4).

JOINT ANALYSIS OF SHEAR-WAVE SPLITTING 
AND GPS DATA

We directly compare mantle anisotropy with predicted fast polari-
zation directions, φc, from the surface deformation fi eld. We assume 
A-type lattice preferred orientation (LPO) in olivine, where the olivine 
a-axis is parallel to the fi nite-strain maximum shear direction for simple 
shear (Zhang and Karato, 1995), and the fi nite-strain extension direction 
for pure shear (Nicolas et al., 1973). For the nearly vertically propagating 
shear waves we are using, and assuming that the a-axis concentration is 
subhorizontal, φc will have the same orientation as the a-axis concentra-
tion. While other LPO types have been proposed for elevated stress and 
water content (Jung and Karato, 2001), the most successful LPO type 
for modeling mantle anisotropy (Davis et al., 1997; Holt, 2000; Silver 
and Holt, 2002; Flesch et al., 2005), and the most prevalent type found 
in natural mantle samples (Silver et al., 1999; Mainprice et al., 2000; 
Ben-Ismaïl et al., 2001), is A-type.

To predict the mantle fi nite-strain fi eld εm that determines the LPO 
from the surface instantaneous quantities Lc and ε̇c, we assume that εm 
is formed by the integration of ε̇c, over time (Kaminski and Ribe, 2002). 
This correspondence is straightforward under the idealized conditions of 
both simple and pure shear because the instantaneous and fi nite-strain 
maximum-shear and maximum-extension directions are invariant under 
simple shear and pure shear, respectively. Therefore, φc will be parallel 
to the surface-strain instantaneous maximum-shear and/or maximum-
extension direction in a simple-shear and/or pure shear-regime. Knowl-
edge of the continuous strain-rate fi eld, ε̇c, thus allows the prediction 
of φssl, φssr, and φps for left-lateral simple shear, right-lateral simple shear, 
and pure shear, respectively, at each splitting observation. In principle, we 
can use Lc to determine which of these three is the correct direction by 
calculating the kinematic vorticity number Wk (McKenzie, 1979; Means, 
1990; Fossen and Tikoff, 1993) (see the Data Repository), which is a ratio 
of rotation to shear. Thus, Wk is ±1 for left- and/or right-lateral simple 
shear and Wk = 0 for pure shear (Kaminski and Ribe, 2002). Values of 
Wk = 0.5 tend to result in simple shear (McKenzie, 1979). If there is exter-
nal rigid-body rotation unrelated to the internal deformation generating 
the anisotropy, Wk will not refl ect the style of internal deformation. We 
therefore estimate the amount of external rotation using the line rotation 
method (Lamb, 1987; Holt and Haines, 1993), assuming that the observed 
splitting orientation constitutes a deformational invariant direction (i.e., is 
not rotated by the internal deformation). The calculated external rotation 
is then removed from Lc to calculate a corrected W*

k, which is then used to 
choose φc (Table DR2; see footnote 1).

We compared data in central and northern Tibet (above the 
 Bangong-Nujiang suture) and surrounding off-plateau regions. Obser-
vations south of the Bangong-Nujiang suture are plotted but not com-
pared because of the likely infl uence of Indian lithosphere (e.g., Kosarev 
et al., 1999). The pattern of splitting fast polarization directions exhibits 
several basic features (Figs.1 and 2). There is an overall west-to-east 
rotation of φ from NE-SW to EW, to NW-SE, to N-S. The N-S trend 
then abruptly rotates to E-W below ~27ºN (Lev et al., 2006; Sol et al., 
2007). Comparing splitting observations and predictions based on W*

k 
reveals a close correspondence. Over most of the Tibetan plateau, φ is 
well predicted by φc = φssl (Flesch et al., 2005). Along the boundaries 
of the plateau to the southeast, northeast, and surrounding regions, it 

is φc = φps that successfully predicts φ, including the change in split-
ting orientation at 27ºN and the more subtle west to east, WNW-ESE 
to ENE-WSW rotation in φ south of 27ºN. The zone between 28ºN and 
30ºN appears to represent a more complex transition between left-lateral 
simple shear and pure shear styles of deformation. Thus there appear 
to be two transitions: (1) from simple shear on the Tibetan plateau to 
pure shear along the boundaries and surrounding regions, and (2) within 
the pure shear regime a change from north-south to east-west splitting 
and extension directions (Fig. DR4). Splitting observations close to the 
Xianshuihe-Xiaojiang fault system are parallel to the fault and produce 
W*

k ~1, indicating that this well-developed left-lateral fault has a strong 
local infl uence through Tibet, Szechwan, and Yunnan. Likewise, split-
ting observations to the east of the right-lateral Red River fault produce 
a W*

k ~−1. Throughout the study area there is a correlation between the 
predicted φc and φ with an average misfi t of 16.7°, indicating that defor-
mation in the lithosphere is undergoing vertically coherent deformation 
(Silver, 1996). Of the 178 splitting observations, there are 14 outliers 
with misfi ts larger than 70°. Examination of these stations suggests that 
there are additional complexities present that are not adequately being 
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Figure 2. Comparison between predicted anisotropy direction from 
the surface deformation fi eld φc, and splitting observations φ (obser-
vations of Huang et al. [2000] have been spatially averaged). For 
each observation point, we use φc = φssl (left-lateral simple shear, red), 
φc = φssr (right-lateral simple shear, yellow), or φc = φps (maximum 
extension pure shear, green) depending on value of kinematic vor-
ticity number, W*k (see legend). For W*k = ±0.5, both pure shear and 
simple shear orientations are shown. Note the strong correlation 
between the predictions and data, as well as the systematic change 
in deformational style from left-lateral simple shear on the plateau to 
pure shear at the plateau boundaries and surrounding regions. 
Figure DR6 (see footnote 1) shows W*k plotted alone. Plot is shown 
in degrees east and north.
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taken into account (see the Data Repository). Exclusion of these outliers 
reduces the misfi t to 11.8°, further strengthening the argument for verti-
cally coherent deformation.

The previously limited splitting data, while consistent with vertically 
coherent deformation in Tibet (Silver, 1996; Davis et al., 1997; Flesch 
et al., 2005), was thought to refl ect a transition to crust-mantle  decoupling 
in Yunnan (Flesch et al., 2005; Lev et al., 2006; Sol et al., 2007). The 
increase in splitting observations strengthens the case for vertically 
coherent  deformation in Tibet, and argues for this same property within 
the surrounding regions. A hybrid model (coupling in Tibet, decoupling in 
Yunnan; Flesch et al., 2005) simply cannot account for the abrupt spatial  
transition in splitting observations between 28°N and 26°N from N-S 
to E-W, and produces an overall misfi t of 27.4°. This transition is also 
observed in the extension axes of the surface strain-rate fi eld, as well as in 
the orientation of the T-axes of regional crustal seismicity (Wu et al., 2004; 
Figs. DR4b and DR5), demonstrating that it is both a crustal and mantle 
feature, consistent with vertically coherent deformation. This transition 
is expected in areas of large gravitational potential energy variations, 
refl ecting the change from topographic gradient–parallel extension at high 
elevations to topographic gradient–parallel shortening at lower elevations 
as the collapsing lithosphere encounters resistance from the surrounding 
medium (Flesch et al., 2001; Lev et al., 2006).

DISCUSSION AND CONCLUSIONS
The observed vertically coherent deformation permits us to infer 

that the crust and lithospheric mantle are mechanically coupled. This 
is because deviatoric stresses associated with gravitational potential 
energy variations constitute half of the stress driving deformation in 
central Asia (collisional boundary conditions provide the other half) 
(Flesch et al., 2001). Because gravitational potential energy varia-
tions reside almost solely in the crust, vertically coherent deformation 
requires that the resulting vertical normal stresses be transmitted into 
the mantle by crust-mantle mechanical coupling. Attempts to model the 
observed mantle anisotropy with boundary conditions alone have been 
unsuccessful (Flesch et al., 2005).

This result forms an observational foundation with which to assess 
the mantle’s role in the orogenic process. For example, block models 
(Tapponnier  et al., 1982; Thatcher, 2006; Meade, 2007) produce highly 
localized shear along block boundaries and broad mantle deformation 
beneath the blocks. Because only the latter will generate mantle anisotropy , 
these models are mechanically equivalent to simple asthenospheric fl ow 
(Silver, 1996) for blocks that extend into the mantle (Lave et al., 1996), 
and may be assessed by solving for a best-fi tting subasthenospheric man-
tle velocity (Silver and Holt, 2002; Flesch et al., 2005). Such a model pro-
duces a larger misfi t, 27.3°, than vertically coherent deformation. Thus, 
these “blocks” are more likely upper crustal manifestations of distributed 
lithospheric deformation at depth (England and Molnar, 1990).

Channelized fl ow in a lower crustal low-viscosity (several orders of 
magnitude) channel (Royden et al., 1997) decouples the crust and mantle, 
prohibits the transmission of vertical stresses into the mantle, and does not 
generate vertically coherent deformation. To maintain vertically coherent  
deformation, this viscosity contrast must be less than one order of mag-
nitude and will not channelize fl ow (Bendick and Flesch, 2007). The 
 convective-instability hypothesis (England and Houseman, 1989; Molnar 
et al., 1998) predicts the presence of an asthenospheric fl ow fi eld induced 
by lithospheric removal. This fl ow, however, is unlikely to look like verti-
cally coherent deformation.

A joint analysis of SKS splitting and surface deformation data in cen-
tral Asia argues for crust and lithospheric mantle that deform coherently 
and are mechanically coupled, implying that the orogenic mantle survives 
the mountain-building process. This simple style of lithospheric deforma-
tion provides a fundamental constraint for future orogenic models.
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